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Juvenile Red Snapper (Lutjanus campechanus) Stock Discrimination in the Gulf 
of Mexico. 
Abstract 
Juvenile red snapper Lutjanus campechanus from 2009-year class were sampled in three 
regions across the Gulf of Mexico; Western, Central and Eastern Gulf. Otolith elemental 
signatures of Ba were analysed through laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS) to determine whether Ba could be used as a reliable geographic 
marker across sub-populations in the Gulf of Mexico. Otolith age and growth also were 
analysed to determine differences between Gulf regions. Differences in otolith chemical 
signatures of Ba concentrations were distinguished across Gulf regions together with age and 
growth rates determined by birth date. Differences were observed within and across Gulf 
regions suggesting juvenile red snapper were spatially mixing between sub-stocks. 
Incorporation of Ba concentrations in otoliths displayed significant differences across GOM 
regions determining it was a reliable geographic marker. However, growth rates were consistent 
across GOM regions and standard length and age displayed no significant results. Therefore, 
stock discrimination based solely on age and length could not be established. 
1.0 Introduction  
The Gulf of Mexico is regarded as the second most important fisheries area for 
commercial and recreational fishing in the United States (Shipp & Bortone 2009). Red snapper 
(Lutjanus campechanus) is caught in both commercial and recreational fisheries and has 
endured significant juvenile mortality as bycatch in shrimp trawls. Controversy surrounding 
red snapper fishing remains as the species has been overfished in the Gulf of Mexico (GOM) 
since at least 1984; with an estimated 90% decline in biomass seen between the 1970s and mid 
2000 due to excessive bycatch mortality and directed mortality from the commercial and 
recreational fisheries (Patterson et al. 2010). Red snapper was first assessed in the GOM in 
1988 (Goodyear & Phares 1990) and was classified as overfished (biomass to low) and 
undergoing overfishing (fishing mortality too high) (GMFMC 2013).  
Strict management measures, which include size limits, bag allowances, trip limits, seasonal 
closures, fleet quotes and more, were implemented in commercial and recreational fisheries by 
the Gulf of Mexico Fishery Management Council (GMFMC). Even though these strict 
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measures were enforced, red snapper continued to be overfished and the stock had reached 
historic lows with only an estimated 4% of biomass remaining in the early 2000s (SEDAR 
2009). Through 2008 overfishing in red snapper was still occurring and the snapper stock was 
still overfished, according to the South-East Data Assessment Review (SEDAR) 7 Stock 
Assessment Report (2009).  
 Overfishing ended in 2009 as the red snapper stock began to recover after an Individual 
Fishing Quota (IFQ) system was implemented in the commercial fishery. The total annual catch 
limits were drastically reduced in both the commercial and recreational fisheries (2.3 million 
kg total), and bycatch was reduced after Hurricane Katrina in 2005 (GMFMC 2013). In the 
SEDAR 31 Stock Assessment Report (2013), stock status was reported as overfished, but 
overfishing was not occurring. In 2015, the quota for red snapper harvest was increased to 6.23 
million kilograms (13.74 million pounds) and 98.5% was harvested (NMFS 2016). Even 
though, the commercial sector has 365 days of allowed fishing, they operate under a strict 
Individual Fishing Quotas (SEDAR 2013). Recreational seasons have become progressively 
shortened (SEDAR 2013) as catch quotas are met quickly (GMFMC 2013). 
Recent controversies have included allocation issues between the commercial and 
recreational fisheries, jurisdictional issues over management between the states and the federal 
government, and issues of bycatch mortality in the shrimp trawl fishery, a fishery that is much 
more economically valuable than the directed red snapper fishery (GSMFC 2015). 
1.1 Red snapper (Lutjanus campechanus) 
In the GOM, red snapper (Lutjanus campechanus) is regarded as one of the most 
important food fishes (Johnson et al. 2012). Even more, it is recognised as having been an 
economically and ecologically important species for the past 150 years (Saari, Cowan Jr & 
Boswell 2014).  
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1.1.1 Life History  
Red snapper (Lutjanus campechanus) are reef fishes that are found in continental shelf 
and shelf break waters along the east coast of North America, Central America and northern 
South America as well as in the South Atlantic Ocean.  Red snappers in the GOM, spawn in 
open coast waters between April to October (Barnett et al. 2016). Juvenile snappers are 
commonly distributed within low relief shell rubble substrates with adults being predominately 
located close to structures like coral reefs, caves, rocks and limestone deposits in deep water, 
and feeding near underwater structures like oil rigs (Sluis 2011; Barnett et al. 2016). They grow 
rapidly as juveniles, reaching 8 inches within their first year of existence and continue to grow 
a further 3 to 4 inches every year after (Sluis 2011). 
Red snapper life history stages are described as pre-recruit stages including eggs, larvae, 
post-settlement juveniles and post recruit stages including early juveniles, young adults and 
mature adults. Post-settlement juveniles are <50mm TL (total length). Juveniles enter the 
shrimp fishery as bycatch at about 50mm TL. The post recruit life stages are early juveniles 
(age 0-1), young adults (ages 2-7) and mature adults over the age of 8 years old. Juvenile are 
typically taken by shrimp fisheries as bycatch whereas, young adults and matured snappers are 
caught in directed fisheries (Gallaway et al. 2009).  
1.1.1.1 Pre-Recruit Life Stages 
Eggs 
 Red snapper eggs are characterised as transparent, spherical, pelagic and about 0.8mm 
in diameter. Once the eggs have been spawned they become buoyant and float to surface waters 
where they are transported by ocean currents to inshore and coastal nursery grounds (Gallaway 
et al. 2009; Kulaw, 2012).   
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Larvae 
 After hatching, larvae are about 2.2 mm TL. Snapper larvae remain pelagic, inhabiting 
the water column until they are metamorphose and can establish settlement. This stage usually 
occurs when they are 26-30 days of age and are 16-19 mm TL (Lyczkowski-Shultz, Hanisko & 
Ingram 2005).  
 Larval abundance can be directly correlated with estimates of adult abundance, as seen 
in South-East Area Monitoring Assessment Program (SEAMAP) neuston net sampling 
(Lyczkowski-Shultz & Hanisko 2007). The highest mean station abundance values were 
observed at depths between 50-100 m, during summer off central and western Louisiana. It was 
also observed that red snapper larvae were frequently found in the south Texas, Mississippi and 
Alabama regions. However, abundance was identified as being lower east of the Mississippi 
River as compared to the west of the river. 
 Furthermore, Lyczkowski-Shultz and Hanisko (2007) reported that higher abundance 
of larvae was observed off central and south Texas in depths of 50 to beyond 100m in the fall, 
which contradicted what was observed during the summer. Similar to what was found in 
summer, it was also noted that red snapper larvae were less frequently encountered in eastern 
GOM regions than in the west based on the fall plankton survey data. Red snapper larvae 
presence was noticed to be more consistent in samples between the 100-200m depth contours 
from west and east GOM regions. These findings supported the idea that red snapper spawn 
over a wide depth range, i.e. from mid shelf to continental slope (Lyczkowski-Shultz & Hanisko 
2007).  
Post Settlement Juveniles 
 At this stage, red snapper early juveniles are aged 29-66 days and measure between 19-
50mm in TL. Juveniles at this life stage are at an increased chance of natural mortality. An adult 
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red snapper at 10 years of age will typically produce 69.44 million eggs per year, out of this 
approximately only 521 juveniles will survive to reach 50mm TL (Lyczkowski-Shultz, Hanisko 
& Ingram 2005). 
 Recently settled red snapper juveniles relocate to structured habitat such as low relief, 
relic shelf habitat. During the summer and fall seasons they grow rapidly, due to warmer water 
temperatures and as they outgrow their initial habitat they will seek larger more structured 
habitats (Szedlmayer & Lee 2004; Kulaw 2012).   
1.1.1.2 Post Recruit Life Stages 
Ages 0-1 
 At about 50mm TL age 0 red snapper juveniles will be susceptible to being caught in 
the penaeid shrimp trawl fishery. At this age, red snapper abundance is highest at depths of 18-
55m within the northern GOM region, from the Alabama-Florida border to the Texas-Mexico 
border. Within this depth range in the western GOM, juveniles display an immediate preference 
to settle on low-relief, relic shell habitats as it assists in protecting them from predators. 
However, as they begin to grow juveniles will settle in larger concrete block habitats that 
provide adequate protection from predators (Lyczkowski-Shultz, Hanisko & Ingram 2005). 
 Szedlmayer and Lee (2004) observed a diet shift in red snapper juveniles from reef and 
non-reef habitats at lengths of 70-160mm standard length (SL). This shift occurred when 
juveniles relocated from open to reef habitats, displaying the diet change to reef prey instead of 
open water prey. This shift in both habitat and diet reflects the access to additional food 
resources exposed to individuals. Once individuals have occupied reef habitats, red snapper 
display a high degree of fidelity to these preferred habitats as these habitats provide sufficient 
relief and protection from predation (Gallaway et al. 2009).  
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1.1.1.3 Red Snapper Reproductive Decline 
Red snappers have high fecundity and mature as early as 2 years old. Adult females 
aged 10 years old can produce 60 million eggs per year and may live to more than 50 years old 
(Gallaway et al. 2009). However, the reproductive biology of red snapper is affected vastly 
when population numbers decline. As stocks decline due to overfishing, so does the life span 
along with average weight, size and reproductive capacity. In 1962 (Figure 1) the average catch 
weight, age, size and reproductive capacity was at its highest, as older fish are the best spawners 
and contribute many juveniles to the population.  
As the years progressed and the population declined due to overfishing, all 
characteristics begin to slowly decrease leaving spawning fish to be undersized, underweight 
and with reduced reproductive capacities compared to the larger red snapper adults seen in 1962 
(Salamone 2011). 
Furthermore, phenotypic stress responses have been observed due to the removal of 
older red snapper individuals. Significant declines in red snapper sizes in the GOM stock have 
led to early maturation rates, faster growth rates and smaller sizes at age (Kulaw 2012). By 
2009, across the north central and western GOM, 90% of the total stock was comprised of fish 
age 6 and younger, and snapper age 10 and older had become rare (Kulaw 2012).  
 
 
  
 
 
 
Figure 1: Red snapper average age, weight, size and reproductive capacity decreasing as population stocks are 
declining since the 1960s (Salamone, 2011). 
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Since 2009, when overfishing was halted, stock assessment reports indicate the age of 
maturity is increasing in red snapper (SEDAR 31 2013). Spawning seasons also appeared to be 
longer in older fish than younger fish and fecundity had increased as age increase (SEDAR 
2013). However, difference have been found between red snapper in the eastern and western 
GOM. East GOM snapper have a lower at age maturity compared to those in the western GOM. 
Red snappers in South Texas and central western Louisiana have higher spawning fractions, 
whereas lower fractions are found off West Florida. Trends continue with spawning seasons 
being longer in northcentral and north western GOM regions and shorter spawning seasons in 
Florida (SEDAR 2013).  
 1.2 History of the Red Snapper Fisheries 
In the GOM, red snapper (Lutjanus campechanus) has been fished since the 1840’s, 
with the industry beginning and centralising in Pensacola Florida in the north-eastern region of 
the GOM. In the early history of red snapper fishery, harvest was limited to small vessels known 
as ‘smacks’. Smacks were limited to catches of 5,000 to 6,000 pounds however, as ice to store 
the harvest became affordable and trains were readily available for transport, longer voyages 
were made and landings increased to 20,000 pounds (Shipp & Bortone 2009). Snapper stocks 
became depleted between 1865 and 1883 offshore of the Pensacola coast. This caused the 
fishery to move south to the Florida middle grounds from 1883 to 1885; and during 1885 to 
1910, the fishery shifted further southward along the west coast of Florida. In 1892, the red 
snapper fishery was further extended to the western GOM between the Mississippi River delta 
to Galveston Texas, and south to Mexican waters as new red snapper grounds were discovered 
in the Campeche Banks (Gallaway et al 1998). Yet, by the early 20th century the population 
within Florida waters was declared commercially extinct (Patterson et al. 2014). Early catches 
consisted of large fish averaging 10 pounds or more, but as catch size and the availability of 
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large fish began to decrease near shore, vessels were forced to travel further out to sea to catch 
the larger sized red snappers (NOAA 2017).  
The red snapper population in the GOM has been affected by combined pressures from 
commercial and recreational fishing, as well as bycatch in juvenile habitats contributing to high 
mortality rates, mainly resulting from high bycatch rates (Patterson et al. 2008). This 
association with juvenile red snapper mortality has complicated rebuilding plans as shrimp 
trawl mortality, and directed and discard mortality from commercial and recreational fishing 
continues to occur (GMFMC 2013). Although, reports have indicated signs of slow recovery 
(SEDAR 7 2009), red snapper was still deemed to be below critical thresholds and were at 19% 
of what was needed to produce the maximum sustainable yield. Furthermore, by 2009 it was 
indicated that red snapper in the GOM remained overfished (low biomass) however, overfishing 
was no long a continuing practice (SEDAR 31).  
1.2.1 History of Management 
 The red snapper (Lutjanus campechanus) stock in the GOM is managed by the Gulf of 
Mexico Fishery Management Council (GMFMC) under the Reef Fish Fishery Management 
Plan, established by the GMFMC under the provisions of the Magnuson-Stevens Fishery 
Conservation and Management Act. The GMFMC is responsible for the conservation and 
management of red snapper and development of fishery management plans and amendments. 
Additionally, the GMFMC recommends actions to the National Marine Fisheries Service 
(NMFS) to implement management of red snapper (GMFMC 2015). The GMFMC consists of 
17 voting members, 11 of which are appointed by the Secretary of Commerce, and included a 
representative from each of the states on the border of the GOM, the South-East Regional 
Administrator of NMFS and 4 non-voting members (GMFMC 2015). The NMFS aims to 
prevent overfishing whilst achieving optimum yield. This agency is responsible for approving, 
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disapproving or partially approving recommendations proposed by the GMFMC, as well as 
implementing regulations (GMFMC 2015).  
 The Inter-Jurisdictional Fisheries Management Program is a cooperative state and 
federal management program where management priorities for inshore and nearshore species 
by each state are determined through research and planning. The program was developed from 
the Commercial Fisheries Research and Development Act of 1965. The Inter-Jurisdictional 
Fisheries Management Program has been essential in fishery management for states, as long 
term databases for shrimp and juvenile finfish in the GOM would not be available without this 
program (GSMFC 2015).  
In the late 1960s, red snapper stocks plummeted and had become an over exploited 
species across the GOM, reaching historic lows in the 1980s. The GMFMC was established as 
one of eight regional Fishery Management Councils by the Fishery Conservation and 
Management Act of 1976. The purpose of the council is to manage fishery resources through 
establishing fishery management plans from state waters to the Exclusive Economic Zone, 
about 200 miles out into the GOM (GMFMC, 2015). The Reef Fishery Management Plan was 
implemented in 1984 with regulations aiming to rebuild declining reef fish stocks. The plan 
was designed to: prohibit the use of poisons or explosive to fish, and prohibit the use of fish 
traps, roller trawls and powerhead-equipped spear guns within an inshore stressed area. A 
minimum size limit of 12 inches’ fork length was put in place with headboats being exempted 
until 1987, and 5 undersized fish could be kept by each angler. The plan also included data 
reporting requirements (SEDAR 2013). 
In the 1990s the GMFMC implemented restrictive fishing regulations in hopes of 
helping with conservation efforts for the species (Patterson et al. 2010). The first amendments 
to the GMFMC fishery management plan in 1990 included setting minimum size limits for red 
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snapper setting bag limit allowances in the recreational fisheries, prohibiting the sale of 
undersize red snapper, removing the allowance of being able to keep five undersize fish, 
establishing a framework procedure for specification of total allowable catch, establishing 
permits for commercial reef fish vessels, setting the overfished threshold and optimum yield 
biomass level at 20% spawning stock biomass per recruit, and the establishment of a goal to 
rebuild the red snapper overfished stocks to above the biomass level by January 2001 (SEDAR 
2013). All sectors of the fishing industry were directed by different management strategies in 
efforts to decrease fishing mortality of red snapper (Kulaw 2012). 
1.2.2 Shrimp, Commercial and Recreational Fisheries 
 Red snapper in the GOM is not only caught as a target species in commercial and 
recreational fisheries, but also experiences high sources of mortality in shrimp trawls. Juvenile 
red snapper is widely susceptible to bycatch in shrimp fisheries; which has made management 
very complicated and an issue for many decades in red snapper conservation. 
1.2.2.1 Red Snapper Bycatch Mortality in Shrimp Trawls 
Worldwide, bycatch has become a controversial problem as 40.4% of the total marine 
fisheries catch is estimated to be discarded annually into the ocean (Parsons & Foster 2015). 
Historically, the red snapper population has been directly affected by the shrimp fishery and 
the GOM is ranked 5th highest in the world for bycatch (Parsons & Foster 2015).  
In the GOM, the penaeid shrimp fishery is one of the most valuable fisheries in the 
United States. The shrimp population is capable of withstanding high levels of fishing pressure 
however, many species other than shrimp are subjected to bycatch in trawls which results in the 
species being overfished or subjected to overfishing. The shrimp fishery commenced in 1917 
off the Louisiana coast. In the 1950s the rapid expansion of the shrimp fishery was caused by 
the discovery of new fishing grounds, which led to the introduction of double rig trawls 
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multiplying catch quantities. However, as shrimp fishery was thriving, red snapper suffered as 
juveniles became the subjects of bycatch in shrimp trawls (NOAA 2017). The shrimp fishery 
became the most significant source of red snapper mortality, due to its operation in juvenile 
snapper habitats. Annually, 25 to 45 million red snappers between age 0 and 1 were caught 
between the 1950s and the mid-2000s, with most being discarded dying or dead (Parson & 
Foster 2015). The GMFMC implemented long term measures to rebuild the red snapper 
population by decreasing the directed red snapper harvest and by catch. The plan was to rebuild 
the entire red snapper population stock by 2032 (SEDAR 2013).  
The GMFMC implemented Amendment 9 in 1997 as a strategy in the Shrimp 
Management Plan, which stated the requirement of a 50% reduction in shrimp trawl bycatch 
mortality of juvenile red snappers using bycatch reduction devices (BRDs). This amendment to 
the plan was thought to be able to achieve red snapper rebuilding goals without having to reduce 
the harvest of adult snapper in directed fisheries (GMFMC 1997). In the western GOM, federal 
regulations mandated the introduction of BRDs in May 1998. Two specific BRDs were certified 
for use, these were the midsize ‘fisheye’ BRDs in the 30-mesh position and the extended funnel 
BRD (Gallaway, Gazey & Cole 2017). The fisheye BRD is a steel cone shaped frame that is 
sewn into the top of the codend, providing a small elliptical opening where fish can escape 
(Burke, Barwick & Jarrett 2012). The extended funnel BRD is a large mesh webbing extension 
in the centre with each end consisting of small mesh webbings that are held open by a semi-
rigid hoop. Inside the large mesh section, a small mesh webbing funnel is placed to act as a 
tunnel passage for shrimp to the codend, also allowing escapement for fish through the large 
mesh whilst reducing water flow (NOAA 2008). 
Since the introduction of BRDs red snapper abundance has improved, however bycatch 
mortality of age 0 and age 1 red snapper juveniles continue to occur within shrimp trawls 
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proving BRDs to not be as effective as hoped (Kulaw 2012). BRDs in the shrimp industry were 
implemented as assumed to be able to reduce bycatch mortality by 50% (Gallaway, Gazey & 
Cole 2017). However, on commercial shrimp trawlers under real field conditions, estimated 
bycatch reduction using early versions of BRDs was only about 20% (Reef Fish Stock 
Assessment Panel Report 1999). 
 Currently, BRDs are compulsory in all shrimp trawl fishery to address the bycatch issue. 
All shrimp trawlers which operate within the exclusive economic zone in the GOM are 
obligated to use a BRD that must be certified by the NMFS. To be certified, BRD’s must show 
that they can successfully reduce the total weight of finfish bycatch by a minimum of 30%. 
Currently there are five BRD’s certified for use: ’the fisheye, the Jones-Davis, modified Jones-
Davis and two configurations of the composite panel BRDs. These BRD’s are estimated to 
produce a 31 to 58% reduction in bycatch and 90 to 99% in shrimp retention (Parsons & Foster 
2015).  
 However, it has been identified that further improvement in BRD’s is needed. Majority 
of shrimp fishermen in the GOM use the Fisheye BRD, most likely because its cheap and easy 
for operation. The Fisheye can reduce bycatch by 30.6 to 43.3% and has about 10% shrimp 
loss. BRDs have been used in many countries with similar success rates, for example in the 
Australian prawn fishery, 16 different BRD’s were observed and displayed 0 to 39% fish 
exclusion (Parsons & Foster 2015). Whereas, in the Mexican shrimp fishery 37% fish exclusion 
and approximately 7% of shrimp loss was seen with the square mesh extended funnel BRD 
(Parsons & Foster 2015).  
1.2.2.2 Commercial Management  
The commercial red snapper fishery is allocated 51% of the Annual Catch Limit (ACL) 
and has been managed under an IFQ program since 2007. In the commercial, fishery discard 
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mortality rates remain high even though the annual catches have been under the ACL since the 
implementation of the IFQ program (Kulaw 2012). Current minimum size limits are set to 
330mm (13 inches) TL under the IFQ program. The IFQ program was established through the 
implementation of Amendment 26 (GMFMC 2015). The IFQ program operates by awarding 
an allocation to IFQ shareholders each year. The allocation is based on the commercial ACL 
and the number of shares they own. Throughout the year commercial shareholders can fish the 
allocation awarded to them until it ends. Shares and allocations are transferable between 
fishermen during the year and can be purchased or leased (GMFMC 2015). 
Before the IFQ program the commercial red snapper, sector was overcapitalised leading 
to increasingly restrictive regulations being implemented. In 1990, the first red snapper 
commercial quota of 2.79 million pounds gutted weight was established. The quota was 
decreased to 1.84 million pounds in 1991 and 1992 before increasing in 1993-1995 to 2.76 
million pounds. Then in 1996 the quota was significantly increased and almost doubled to 4.19 
million pounds and it remained at this amount until 2007 when the red snapper IFQ program 
began (GMFMC 2013).  
Prior to 1991, in the commercial sector fisherman could fish all year but as they were 
meeting quotas in shorter time periods, the number of days open to harvest were reduced. Red 
snapper harvest season had decreased to 52 days by 1995, and in 1996 the quota was divided 
into spring and fall seasons. In efforts to extend seasons for harvest, designated time periods of 
about 10 to 15 days of each month were allowed for only red snapper harvest. Fishing practices 
had become unsafe due to overcapitalisation and lengthy seasonal closures as fisherman raced 
to fish, displaying ‘derby-styled fishing’ to catch quota before the fishing season ended. Along 
with unsafe fishing conditions, high bycatch and discard mortality rates and reduced regulatory 
compliance were seen. The implementation of the IFQ program reduced the race to fish and set 
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the commercial sector a more secure footing, while helping to end overfishing and rebuild the 
red snapper stocks (GMFMC 2013). 
1.2.2.3 Recreational Management  
The recreational fishery for red snapper has been very difficult to manage. This sector 
is allocated 49% of the yearly ACL. Within the recreational fishery sector, fisherman in federal 
waters (more than 3.9 miles offshore, depending on location) are restricted by minimum size 
limits of about 406mm (16 inches) TL, 2 fish bag limits and seasonal closures with the season 
beginning the 1st of June and ending once catch limits (quotas) have been reached (GMFMC 
2015). Despite the stock increase since 2007, managers have been forced to repeatedly shorten 
the recreational season to remain within catch limits. Recreational catch rates increased faster 
than the red snapper population and the average catch by recreational fisherman increased as 
the population rebounded. In 2017, it took only a 3-day recreational fishing season to catch over 
3 million pounds of red snapper. In protest at the shortened recreational seasons, each stated 
has instituted its own regulations for red snapper fishing in state waters (less than 3.9 miles 
offshore), with open seasons, bag limits, and size limits set individually by each state. In 
addition, in 2015 the recreational fishing sector split in two; the for hire sector (charterboats 
and party boats) and the private sector, with different regulations created for each. The catches 
which are caught from state waters and recreational sectors all count against the Gulf-wide 
recreational quota set by NOAA Fisheries (NOAA 2017).  
Significant issues such as overharvesting and high discard mortality associated with the 
recreational fishery is still observed by fishery managers (Kulaw 2012). In 2013, fisherman 
catch equated to six time as many pounds of red snapper prior to when the stock began to 
recover (NOAA 2017). However, in the recreational fishery quotas were exceeded from 2007 
to 2013 even with the shortened seasons, although overfishing in 2010 did not occur due to the 
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Deepwater Horizon oil spill. In 2014 NOAA was found to be at fault at by the Federal District 
Court for not prohibiting the retention of fish once quotas had been met and not addressing 
excess catches over the quota. Thus, the annual catch target was established to assist in 
maintaining landings in accordance of the recreational quota. The annual catch target also 
aimed to subtract any catch exceeding the quota to be subtracted from the following year’s 
quota; consequently, landings in 2014-2015 did not exceed quotas (NOAA 2017) although the 
quota was exceeded in 2016 by 130,000 pound.  
1.2.3 Eastern vs Western Gulf of Mexico 
Based on historical assessments it is assumed that two separate sub- populations of red 
snapper are present within the GOM. The primary sub-populations are believed to be separated 
by the Mississippi River and categorised as western and eastern GOM sub-stocks (SEDAR 
2015). Sub-stocks are based on the presence of demographic differences in size at age, 
maturation rates and genetic effective population sizes in the eastern and western GOM (Sluis 
et al 2015). Despite these differences the GMFMC continues to assess and manage western and 
eastern sub-stocks as one unit (SEDAR 2015) with Gulf wide catch limits for each fishing 
sector. The management of the population stock as a single unit stock has been supported as no 
significant differences have been found in population structure across the GOM. Evidence from 
genetic analysis and larval dispersion through the study of hydrodynamic transport have further 
strengthened the single unit stock management style (Saari, Cowan Jr & Boswell 2014).  
1.3 Importance of Stock Discrimination in the Gulf of Mexico 
Understanding red snapper stock structure in the GOM is critical for management 
especially when developing rebuilding plans. Lutjanus campechanus may exhibit differences 
in life history, genetic and demographic characteristics across sub populations and if this is not 
recognised it can lead to depletion of localised subpopulations. Furthermore, unique genetic 
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resources may potentially be lost from those subpopulations if not managed properly (Saillant, 
Bradfield & Gold 2010).  
Although overfishing has stopped in the GOM, red snapper is still an overfished species 
hence the importance in understanding stock structure to try and rebuild the population. 
Understanding stock structure through recruitment patterns and spawning regions can assist in 
designing future management plans, which are established to rebuild the red snapper population 
in the GOM by 2032 (SEDAR 2015).  
1.3.1 Differential Management of Red Snapper Fisheries in the GOM  
  State regulations for recreational red snapper fishing in state waters of the GOM vary 
from state to state. Texas, Louisiana, Mississippi, Alabama and Florida all have different 
management measures in place for recreational fishing in state waters, but as stated above, their 
catches all count towards the total catch limit set by NOAA Fisheries and the GMFMC.  State 
waters include coastal areas from land to 3-9 miles offshore, depending on the state.  State 
regulations include open seasons (for example, the open season in Alabama was 66 days 
compared to the 3-day season in federal waters), size limits (15 inches in Texas compared to 
the 15-inch federal limit), and bag limits. These fishing regulations have been put in place based 
on politics, but they may affect sub-populations parameters, particularly because adult red 
snappers are thought to be relatively sedentary once they have settled onto structure like reef 
and rocks. 
1.3.2 Differences in Age and Growth  
 Red snapper has been categorised into western and eastern sub-stocks in the GOM, in 
part because demographic differences in size at age were identified (Sluis et al 2015). 
Demographic differences were also seen to co-exist within the western sub-stock as well. Red 
snapper collected off Texas displayed smaller sizes at age and smaller maximum sizes as 
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opposed to Louisiana individuals (Saari Cowan Jr & Boswell 2014). Additionally, red snapper 
collected off north Texas and Louisiana were reported to have a higher proportion of older fish. 
South Texas and eastern GOM recreational catches were observed to be dominated by small 
(<550mm TL) fast growing snappers whereas, in the north central and north western regions of 
the GOM, larger (>600mm TL) slow growing red snapper fish are more abundant (Saari, 
Cowan Jr & Boswell 2014). In addition, it has already been identified that the Mississippi River 
plume is linked to different growth rates observed in red snapper (Sluis et al 2015).    
 Demographic differences in age and growth are an important factor in the establishment 
of new management plans which set size limits, catch quotas and seasonal closures. When these 
management measures do not coincide with stock boundaries, unfavourable fishing conditions 
are produced and irregular fishing practices, such as reaching quotas with a few large fish occur 
within the red snapper fishery (GMFMC 2015).   
1.3.3 Possible Recruitment Sources of Red Snapper  
 One way to discriminate among different stocks or sub-stocks is to investigate the 
sources of young fish recruiting into different areas of the GOM. If young fish from the same 
spawning events are widely distributed across the regions, the it is likely that sub-stocks do not 
exist, and that local conditions are the cause of any morphological or physiological differences 
seen. If young fish remain closer to specific spawning grounds or are narrowly distributed, then 
sub-stocks are more likely to be seen. Some areas may be the source of recruits found in other 
areas, while other areas may be sinks for fish coming from other areas, and the connectivity 
between these areas are important in determining population structure. 
 The North-Western GOM may be the most significant and important area as not only a 
local source of recruits but also as a vital region for sourcing recruits to other GOM regions. 
Patterson et al. (2010) identified that the north-western GOM was a significant source of 
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recruits to the north- western GOM (local recruitment), the south-western GOM and the north 
central GOM regions. The findings recognise that the effective genetic population size present 
within the north western GOM was greater than that found in either the north-central or the 
south-western Gulf, results which are consistent with those from Saillant and Gold (2006). Red 
snapper recruits found in the eastern GOM are derived primarily from local recruitment with 
some fish from secondary sources which are the north-central GOM and the north western 
GOM (SEDAR 2013). However, uncertainty remains if there is any contribution provided by 
north western GOM regions to the eastern GOM due to similarities in chemical signatures from 
both regions (SEDAR 2013). 
 There has been much discussion over the possibility of recruits in the northern GOM 
being sourced from Mexican waters (the southern GOM), particularly from Campeche Banks. 
This has been an important question in red snapper management as U.S. harvest is heavily 
skewed to the west region within the GOM (Johnson, Perry & Lyczkowski-Shultz 2013), and 
a higher stock abundance is present within the western GOM (Sluis et al 2015). Population 
connectivity between south Texas and Mexican stock is unknown. It is possible that the 
Mexican fishery could be acting as a sink rather than a source for Texas recruits given that the 
Mexico red snapper population is severely overfished (Sluis et al. 2015). Samples collected 
from Campeche Banks in 2006 and 2007 were shown to be larger in length than age 0 fish 
collected in other regions, but as individuals were not aged, it was suggested there may be a 
possible age discrepancy. Difference were further reiterated as Ca and stable isotopes in ear 
stones from Campeche Banks fish displayed extreme values, which led to the exclusion of 
Campeche Banks from further analysis (Patterson et al. 2010; SEDAR 2013). 
1.3.3.1 Genetic Evidence  
Athough, red snapper has been managed as a single unit stock by the GMFMC, 
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contradicting theories suggest that red snapper may not be functioning as a single panmictic 
stock. Functioning as a single panmictic stock means that all individuals within the stock have 
an equal probability of interbreeding and randomly doing so (Whitesel 2004).  
In the Northern GOM, genetic homogeneity among localities was observed, supporting 
the management style based on red snapper functioning as a single stock (Camper et al. 1993; 
Pruett, Saillant & Gold 2015). Red snapper is thought to move throughout the GOM 
extensively, as genetic homogeneity usually implies that there is ’sufficient gene flow 
(migration) to offset genetic divergence’. However, this result hypothesised that it may be 
representing past and not present population structures, since there is insufficient evidence that 
directly demonstrates extensive migration across the northern GOM (Pruett, Saillant & Gold 
2015).  
Conversely, spatial heterogeneity was discovered to occur in 2004 and 2005 cohorts 
from samples where muscle tissue was genetically examined (Saillant, Bradfield & Gold 2010). 
This discovery provided the evidence for the first time of non-random spatial distribution of 
red snapper genotypes. The existence of spatial heterogeneity defines the red snapper examined 
as having an uneven distribution of allele and genotypes. This significant evidence provides 
that snapper tissues at small geographic spatial scales are consistent with independent 
demographic assemblages (Saillant, Bradfield & Gold 2010). This study further provides 
support to findings of a meta-population stock structure model suggested by Pruett, Saillant & 
Gold (2006), meaning red snapper have sub-populations and move from one population to 
another. Furthermore, two centres of stock populations have been suggested by catch statistics, 
recorded in the north-western GOM (off the Louisiana coast) and close to Alabama (Patterson 
et al. 2010). 
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1.3.3.2 Larval Transport 
 The mechanism for dispersion of red snapper across the GOM involve larval transport 
by ocean circulation. During the 4-week planktonic stage, it is possible that red snapper eggs 
and larvae can be transported as far as 480km across the GOM. There has been limited attention 
and focus on this mechanism of transport for use in understanding potential stock structure in 
red snapper early life history (Johnson et al. 2009).  
 Red snapper larvae spawned in summer periods were observed to be transported through 
an oceanographic mechanism from western to eastern GOM regions, with an eastward flow 
highest in July (Johnson et al. 2009). There is evidence around the Mississippi delta of a larval 
transport pathway however, the primary pathway is located in deep waters beyond the shelf 
break. This causes uncertainty as to whether settlement would be successful on the shelf east 
of the Mississippi River (SEDAR 2013). On the contrary, evidence shows that towards the end 
of the spawning season (September and October), on-shelf exchange from east to west occurs.   
 Possible advection of red snapper larvae from Campeche Bank was modelled by 
Johnson, Perry and Lyczkowski-Shultz (2013) to address the potential Mexican connection to 
US red snapper stocks. Model runs based on 4 years of oceanographic data discovered that 
retention, of stimulated larvae from Campeche Bank was high, suggesting it was unlikely to 
supply larval recruits to other regions. Johnson, Perry and Lyczkowski-Shultz (2013) had also 
stated that more abundant populations such as the north-western GOM or Campeche Bank 
would not likely feed recruits through larval advection into depleted areas like peninsular 
Florida. Furthermore, in SEDAR (2013) the Life History Workgroup stated that there may be 
a possible pathway, if egg production was sufficient, for larval advection from the Tamaulipas- 
Veracruz shelf to south Texas even though there was a lack of recruits based on otolith 
chemistry.  
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1.4 Methods Used for Stock Discrimination 
1.4.1 The Otolith 
 The otolith is a calcium carbonate structure with an organic matrix established within 
the ear (behind the brain) of bony fishes; allowing them to balance and orientate within the 
water column. The otolith is composed of chemical elements reflecting the physicochemical 
properties of ambient waters that each individual fish has passed through in life (De Braux et 
al. 2014). Otoliths continuously form exterior layers on the surface that have been crystallised 
from endolymph fluid, with each new layer corresponding to daily increments. During this 
process, chemical elements including carbon, oxygen, magnesium, manganese, strontium and 
barium are incorporated into the carbonate matrix (Elsdon & Gillanders 2002). Once formed 
the otolith becomes metabolically inert, not undergoing any chemical reaction, with chemical 
signatures becoming imprinted into the new developing layers, permanently stored within the 
otolith matrix (Sluis et al. 2015). 
1.4.1.1 Otolith Elemental Chemistry Analysis 
Many studies have used elemental chemistry analysis to observe movement, population 
connectivity and stock discrimination in fishes (Barnett & Patterson 2010; Patterson et al. 2010; 
Sluis 2011; Sturrock et al. 2012; Patterson el al. 2014; De Braux et al. 2014; Sluis et al. 2015; 
Sturrock et al. 2015). It has become a widely used effective tool among many fishery scientists 
as a natural tag to distinguish nursery areas, estimate contribution to adult stocks, migration 
patterns and population connectivity (Patterson et al. 2012; Sluis et al. 2015; Sturrock et al. 
2015). The otolith, being metabolically inert, allows elements that were incorporated during the 
juvenile stage to act as a natural tag identifying the nursery of origin. Therefore, chemical 
signatures which are displayed within the core (the nucleus, or the otolith formed during the 
earliest life stages) of adult fish otoliths can establish their nursery origins (Sluis et al. 2015). 
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An adult red snapper could have its otolith core mechanically extracted as determined by 
Barnett & Patterson III (2010), and would produce valuable and effective results for analysing 
nursery chemical signatures. Additionally, red snapper originating from various nursery regions 
within the GOM were demonstrated to be distinguishable based on otolith chemical signatures 
(Patterson et al. 2008; Sluis et al. 2012).  
1.4.1.2 Elemental Incorporation in Otoliths 
 Complex ion-protein interactions and multiple physiological barriers are involved 
during elemental pathways from ambient waters to the otolith. Elemental concentrations in 
biological tissues are controlled by relative uptake and the excretion rates between the 
environment and various body pools. Therefore, otolith composition is potentially produced by 
the influence of metal transport (e.g. protein binding) and compromising ecological inferences 
where physiological differences between individuals induce chemical differences within the 
otoliths. On the contrary, in relatively homogeneous environments, stock specific physiological 
influences on element fractionation could augment chemical variations amongst groups 
(Sturrock et al. 2015). 
 There have been various sites identified of elemental binding within the otolith, which 
are: 
 ’substitution of Ca with the CaCO3 crystalline lattice, 
 as inclusions within the interstitial spaces of the crystal lattice,  
 in association with the protein component of the otolith (Izzo, Doubleday and Gillanders 
2016). 
Transition metals which have relatively small atomic radii are more likely to be protein 
associated, as alkaline earth metals along with larger no-essential transition metal are more 
likely to be substituted for Ca due to similarities in Ca properties along (Izzo, Doubleday and 
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Gillanders 2016).  
1.4.1.3 Barium Marker for Stock Discrimination 
Barium is the fourteenth most abundant element in the continental crust of the earth 
(Neff 2002). The GOM is also recognised to be one of the world’s major sources of barium ore, 
being most abundant in Louisiana, Nevada and Texas. Barium ore is used in the form of barite 
which is a chemical composition of barium and sulphate (He & Xu 2016). In the 1970s, barium 
was observed to be different in sediments from western to eastern regions, with higher levels 
off Texas and Louisiana and lower levels off Florida (Holmes, 1973). Although this figure may 
be outdated, it is indicative of past barium distributions in sediments across the GOM, and may 
be similar to current barium distributions, as it is not known how quickly barium levels in 
sediments may change (Figure 2). 
 
Figure 2: Barium distribution in surficial marine sediment on the continental shelf in the north Gulf of Mexico. Blue colour gradient 
indicates increase levels of barium concentration from 0 to 1000ppm (Holmes 1973). 
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1.4.1.3.1 Environmental Relationships with Barium 
Influential factors of elemental incorporation into otoliths are temperature and salinity, 
growth rate, gonad development, stress and diet (Zumholz et al. 2006). However, diet 
influences on otolith chemistry are still argued even though some studies have found that diet 
affects the incorporation of strontium, calcium and barium (Walther & Thorrold 2006). Apart 
from this there is limited research literature identifying the interactive influences of temperature 
and salinity on otolith elemental and isotopic concentrations in red snapper. There is also a lack 
of experimental evidence investigating the role chemical elements have in determining 
population connectivity however, the driving influences of barium and strontium incorporation 
have been established to correlate with temperature and salinity (Elsdon & Gillanders 2002). 
Barium concentrations in otoliths, along with strontium levels often change in response 
to their concentration within coastal zones depending on time scales; thus, environmental 
processes like tidal cycling, flushing rate and fresh water flow affect concentration levels 
(Tabouret et al. 2010). Sluis (2011) stated that higher concentrations of strontium occurred 
within areas like riverine waters and shelf waters appeared with lower concentrations of 
strontium, whereas barium tends to follow a nutrient type profile. Because Ba at mesopelagic 
depths is regenerated when the biologically produced particulate matter is oxidised by bacteria 
(Kennish 2000). Nutrient and elemental dispersion are affected by movements of circulation 
patterns; shaping incorporation into otoliths. Together with stable isotope analysis, migration 
patterns can potentially be reconstructed in red snapper form elemental analyses (Sluis 2011).  
Elsdon & Gillanders (2006) reported, barium along with calcium and manganese 
showed temporal variability over the course of weeks and days. Barium was suggested to be 
more ideally used as a natural signature only where concentrations were found to correlate with 
environmental variables such as salinity (Elsdon & Gillanders 2006). It has been established by 
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several previous research studies that barium and other elements such as strontium were 
considered the most effective tracers for identifying life history events (spawning, recruitment 
and migration patterns) in otoliths due to their relationship with salinity between freshwater and 
saline water (Sturrock et al. 2012; Sarimin & Mohamed 2012; He & Xu 2016).  
Furthermore, incorporation of Ba in otoliths is believed to be derived from terrestrial 
inputs and natural sources such as limestone or the earth crust (Sarimin & Mohamed 2012). 
The GOM basin has deposits of with multiple rock types from dolomite to limestone, highly 
cemented sandstone and mudstone (Galloway 2009).  Otoliths and limestone are similar in the 
way that both are a structure of aragonite carbonate and capable of binding with such elements 
as strontium, magnesium, barium and zinc. Limestone store high amounts of these minerals and 
it has been suggested that barium presence in otoliths may result from natural sources like 
limestone leaching barium (Sarimin & Mohamed 2012). Also, in geographic areas that are 
characterised by volcanic terrains, Ba is presented at higher levels (He & Xu 2016). 
1.4.1.3.2 Possible Anthropogenic Factors in The Environment Influencing Barium Incorporation 
The northern GOM is home to the largest artificial reef system in the world. Red snapper 
is one of the dominant species associated with these structures where 4000 petroleum platforms 
act as artificial reefs on the outer shelf. Most of these petroleum platforms are in the northern 
GOM with 90% off the coast of Louisiana and the rest off the coast of Texas, which adds an 
extra 12.1km² of hard bottom habitats to an area mostly consisting of mud and sand (Kulaw 
2012). Red snapper that were associated with artificial reefs in the north central and north 
western GOM were reported to be supporting much of the U.S. harvest (Shipp & Bortone 2009).  
In the United States 99% of barite is used in drilling muds for new oil wells, acting as a 
weighting agent adding body to petroleum. As a weighting agent, it allows the oil to be released 
at a controlled rate and prevents gushers from occurring (He & Xu 2016). Drill cuttings and 
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drill fluid account for majority of discharge associated with the development of drilling. 
Interestingly, barium concentrations in drilling fluids may substantially be higher than in 
natural marine sediments (Neff 1987). 
The GOM region is one of the most significant regions for energy resources and 
infrastructure in the U.S.A. Seventeen percent of total US crude oil productions is derived from 
offshore oil productions and 5% comes from offshore natural gas production in the GOM. More 
than 45% of total US petroleum refining capacity is situated along the coast of the GOM, with 
51% accounting for total natural gas processing plants (EIA 2017). 
Anthropogenic inputs often lead to greater chemical heterogeneity in coastal areas. The 
element barium becomes an open ocean otolith marker when reaching mesopelagic depths 
(between 200 to 1000 meters) as barite is released through bacterial activities, permitting it to 
accumulate and dissolve in turn enriching barium (Sturrock et al. 2012). Barite has been 
identified to be significantly useful as a tracer of past oceanic production in marine sediments 
(Dehairs 1997). Dissolved barium concentrations were reported to increase in portions of the 
estuary in the Mississippi River, and then decrease offshore in the open ocean. This is thought 
to be the reason for high concentrations of dissolved barium in Louisiana coastal waters (Neff 
2002).  
1.4.2 Age and Growth 
 Otolith ageing is possible by analysing growth rings which may represent daily, 
seasonal or yearly increments. Growth rings within the dark translucent zone appear wider in 
warm seasons (spring and summer) and within the opaque zone they appear more restricted in 
colder seasons (winter). This is due to the individual being able to grow more rapidly in summer 
whereas, growth slows down in the winter (MRRI, 2013). Age is determined by counting the 
rings within the opaque zone which are called annuli when laid down yearly (Campana 2001). 
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 Age validation is required to prove that rings counted are equal to a known age on a 
different individual; so, that an annulus is equal to one year. Scientists may raise fish from 
spawning and then after a known amount of days or years the will sacrifice the fish and compare 
the estimated count to the known age of the fish sacrificed. However, this process is costly and 
time consuming, and abnormal growth patterns may be produced from an artificial environment 
(Campana 2001). 
 Growth and developments in fish otoliths have been studied to derive age estimates of 
wild caught species. It has been well established that fluctuations in environmental parameters 
such as temperature and salinity have influenced the growth of larval fishes (Jones 2013). 
Growth rates in marine fish larvae species have demonstrated a clear correlation with faster 
growth rates and warmer temperatures. Fish which were present in warmer waters with 
increasing temperatures displayed increasing trends of growth rates (Houde 1989; Pepin 1991). 
It has also been noted that in species such as Atlantic bumper Chloroscomborus chrysurus, 
variability in growth rates were seen among different stations sampled even though 
temperatures were reported to be the same. Variability in growth in red snapper has been of 
great importance as slight variations at the development stage of larvae can greatly influence 
and impact on recruitment processes (Jones 2013). 
Jones (2013) used a coefficient of variation (CV) to assist otolith age determination in 
juvenile red snapper (Lutjanus campechanus) otoliths. Otolith’s were counted twice and a CV 
was applied, such that if the CV was less than 0.10, the age was deemed acceptable and the 
average of both counts was assigned to be the final age of the otolith.  
1.5 Aim  
The aim of this thesis is to investigate juvenile red snapper stock discrimination in the 
GOM through otolith elemental chemistry analysis and otolith age analysis.  
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Barium incorporation into in the otolith will be analysed to determine whether sub-stock 
can be differentiated across the GOM. Barium has consistently been observed as a reliable 
geographic marker in marine species (Sturrock et al. 2012). Juvenile red snapper spawning 
regions and population connectivity will be observed using otolith chemistry analysis. 
Additionally, otolith age analysis will be conducted to determine whether sub-stocks across the 
GOM can be distinguished based on age and growth. Understanding juvenile red snapper stock 
structure can assist in management practices as well as the implementation of fishing catch 
quotas and size limits.  
1.5.1 Research Questions: 
1. Are there differences between red snapper (Lutjanus campechanus) stock sub-populations 
across western, central and eastern GOM regions based on otolith elemental analysis? 
2.  Can age and growth be used to differentiate between sub- stocks within the GOM? 
3. Is barium an effective marker to identify differences in juvenile movements in the GOM?  
2.0 Methods 
2.1 Study Area 
Majority of juvenile red snapper (Lutjanus campechanus) samples were collected in 
2009 off the coast of Texas and Louisiana, representing the west and central regions of the 
GOM, with few collected off the coast of Florida; being the east region of the GOM (Figure 3). 
Otolith samples were obtained from the Texas Parks and Wildlife Department (TPWD) and the 
National Oceanic and Atmospheric Administration (NOAA) agency via supervisor Dr Sandra 
Diamond.  
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Figure 3: Map of study location in the Gulf of Mexico, off the coast of Texas (TX), Louisiana (LA), Mississippi (MS), Alabama 
(AL) and Florida (FL). Distribution of 2009 Red snapper juvenile samples capture locations represented by yellow circle on 
the map. Stations labelled ‘T’ represent samples collected by Texas Parks Wildlife Department (TPWD) and ‘N’ by the 
National Oceanic Atmospheric Administration.  
Otolith samples consisted of juveniles aged between 60 to 140 days based on otolith 
ring count. Samples were categorised into age groups separated by 10 day increments. Otolith 
samples were analysed through elemental chemistry analysis and age analysis. The chemical 
element Barium was analysed to identify patterns of incorporation into the otolith as the otolith 
forms from calcium carbonate and crystallises from endolymph fluid (Elsdon & Gillanders 
2002). The placement and accumulation of Ba was studied and related to age as each outer layer 
of the otolith was formed while incorporating the element Ba.  
2.2 SEAMAP Sampling  
Juvenile red snapper samples were collected during the South-East Area Monitoring 
Program (SEMAP) Fall Shrimp/Ground fish survey research cruise aboard the NOAA Ship 
Oregon II in 2009 within the GOM. SEAMAP is a state, federal and university collaborative 
program for collection, management and dissemination of fishery independent data and 
information in the south-eastern United States. SEAMAP sampling objectives were to sample 
the Northern GOM to determine abundance and distribution of benthic fauna between 5 and 60 
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fathoms (9 to 110 metres) and to determine abundance and distribution of bottom fish by depth. 
Sampling was conducted across the northern GOM from Alabama to the Mexican border. 
Although, SEAMAP cruises are conducted in June-July (summer) and October-November 
(autumn), only autumn samples were used in the analysis. Methods of SEAMAP collections 
were described in detail in Diamond et al. (2010). 
 
Figure 4: Flow chart displaying steps completed when carrying out methods. 
2.3 Red Snapper Otolith Preparation 
 Red snapper otoliths were implanted into a pellet moulding case, with a mixture of 
Beuhler’s epoxy resin and epoxy hardener. Prior to being placed in the mould the otolith was 
dipped into the mixture, to prevent air bubbles forming in the resin mould (Figure 4). Placement 
of the otolith in the epoxy resin mould was calculated by aligning the sulcal groove (a feature 
of the otolith) in the centre of the mould, which was then left within the fume hood to harden 
overnight. The core of the otolith was then marked with a single dot marker once the pellet has 
hardened. A Buehler Isomet diamond-embedded low-speed saw with two saw discs adjacent to 
each other was used to sliced a cross-section containing the core out of the epoxy mould. The 
cross-sectioned slice containing the core of the otolith was then attached onto a microscope 
slide using Crystalbond glue (Sluis et al 2015). The otolith sample was then polished with four 
different grades of aluminium oxide. Buehler aluminium oxide 20.0 and 3.0-micron powder 
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were used to polish off thicker amounts to expose a clear ring structure, and Micropolish II with 
alumina 0.3 and 0.05 micron grits were used to lightly polish off the otolith. After the polishing 
was finished it revealed a clear visible core with daily ring structures allowing it to be aged 
using an Olympus BX60 Compound light microscope (Elsdon & Gillanders 2002).  
2.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA ICPMS) 
 Otolith samples were taken to the University of Technology Sydney for elemental 
mappings using a New Wave Research UP213 laser ablation unit coupled to an Agilent 
Technologies 7500 cx inductively coupled plasma mass spectrometer (Diamond 2012). The 
UP213 laser unit employed a Nd: YAG solid-state laser source emitting a 213 nm laser pulse 
in the fifth harmonic. A Large Format Cell (LCF) was fitted to the UP213 unit, which was 
connected to the ICPMS via polyvinylchloride tubing. The 7500 cx ICPMS was fitted with a 
‘cs’ lens system for enhanced sensitivity (McGowan et al. 2014). Samples were placed and 
locked within a chamber which was degassed and samples were then ablated by a focused laser 
beam that collect selected chemical element material from the otolith (De Vries, Gillanders & 
Elsdon 2005; McGowan et al. 2014). Chemical elements in the program methods were 
magnesium (Mg24), calcium (Ca43), vanadium (V51), manganese (Mn55), arsenic (As75), 
selenium (Se82), rubidium (Rb85), strontium (Sr88), barium (Ba137), cerium (Ce140), 
neodymium (Nd146), mercury (Hg202) and lead (Pb208). To accurately guide the laser 
ablations over the otolith sample, spot size and time length (seconds) was calculated based on 
the size of the otolith and entered in the ICPMS computer. A reference standard, National 
Institute of Standards and Technology (NIST) 612 glass was ablated along with the samples to 
act as an external calibration for machine drift and intensity of laser ablation. The intensity of 
the laser ablations may change over time as the laser heats up meaning that chemical element 
counts may not be measured correctly (McGowan et al. 2014). To ensure all counts measured 
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were invariable the NIST glass was used to correct each sample by changing counts to amounts 
of each element measured, as the NIST glass holds the most accurate measurements of chemical 
elements. Additionally, along with elemental counts being collected, the software also outputs 
data that can be used to create images of elemental maps of otolith samples. Otolith elemental 
maps were displayed through a data visualiser specifically written in Python for and supplied 
by UTS, Mayavi and Interactive Spectral Imaging Data Analysis Software (ISIDAS). Each 
chemical amount (ppm values) was displayed through Mayavi after a calculated formula is 
executed in Isidas and counts were corrected to an internal Ca standard (Diamond 2012).  
2.4.1 Ba Analysis- Correcting Ba Raw Counts to Ba Concentration Amounts 
The Ba element counts needed to be converted to Ba concentrations and this was done by 
including NIST as a reference standard. A NIST reference standard was ablated before the first 
sample and after the last sample on the day samples were placed through the ICPMS. 
The dates and times of otolith samples and the NIST glass that were ablated with the ICPMS 
laser, were put into order in a comma separated value (.csv) file format in Microsoft Excel. 
There were five standards of NIST used in total for all samples shot on different days. Each 
standard NIST was comprised of seven or eight transect lines. Data from every transect line 
within the one standard NIST was output as an individual Excel file with values from the laser 
ablation. In each Excel file with values, the background (counts from the area before the laser 
contacted the otolith) was subtracted from the values representing the actual NIST glass as it 
was ablated by the laser. This was completed to correct the standard for background as the laser 
may display different intensity as it ablates over background before reaching the sample. Then 
the average for each standard NIST was taken from a range within values displaying stability; 
this was easily seen as values will significantly increase once the laser shoots over the sample. 
The average was calculated for elements: Mg24, Ca43, V51, Mn55, As75, Se82, Rb85, Sr88, 
Masters of Research Thesis  Frances Javiera Arce|17250809 
33 
 
Ba137, Ce140, Nd146, Hg202 and Pb208. The standard deviation was calculated as well. The 
coefficient of variation (CV) was calculated for all elements by dividing the standard deviation 
by the average. The CV was used as a guide to determine the most stable values to use in 
calculating the average counts for each element. If the CV was higher than 0.40 than outliers 
were deleted to bring the CV value as low as possible with 0.10 being a favourable value. 
Outliers may represent an intense burst of the laser strength or the contrary. These values were 
taken out so that the truest elemental counts can be converted to amounts by using values when 
the laser was most stable. 
This method was repeated for all seven transects within one NIST standard. All average 
values were placed together in a separate Excel file for further calculations. The grand average, 
standard deviation and CV of the seven average counts within the standard were calculated for 
all elements. The CV values for standard should be close to 0.10; if they were significantly 
higher or lower this means that one of the transects within the standard was a ‘bad run’ and 
should be deleted. A run was considered as a ‘bad run’ if it did not display stability from the 
laser beam ablating samples, or if the values were significantly (usually exponentially) higher 
than the other runs, which would affect the calculations of elemental concentrations in the 
otolith.   
Samples had to be corrected for drift as this can significantly influence the accuracy and 
precision of results. The most commonly used drift correction standard is NIST as it contains 
61 elements at about 400–500 μg g−1 (400-500ppm) (Lin et al 2016). Drift is corrected by using 
the average of the total corrected average of standards shot before and after the otolith sample, 
which is why data was kept on the time and date the otolith sample and standards were shot. 
Therefore, the correction of drift would be the calculation of the averages of standard 1 (before 
the otolith) and standard 2 (after the otolith). However, as mentioned before, standards were 
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not always programmed to run before and after every sample. Therefore, the standards used for 
correction for drift will be days apart because there were only ablated either before or after all 
otolith samples were ablated on the day.   
The values for each element average from the NIST glass was used in the equation, and the 
grand average of the counts for each element in the sample was also used in the formula. For 
each element, the values were changed to the appropriate values from the corresponding otolith 
sample. The formulae for each element of each sample otolith was entered into the Isidas 
calculation catalog. After the formula, has been implemented and the image is sent across to 
Mayavi the ppm values display Ba concentration amount within the otolith sample. 
2.4.2 Dividing Ca/Ba  
 Once all corrections for background and drift were completed, a formula to 
correct for the internal standard of Ca was used (see Figure 5).  This formula corrected for 
variability in the laser, and converted the counts of Ba provided as output from the machine to 
the actual amounts contained in the otolith sample. It was assumed that Ca was at 56 weight % 
in NIST glass, while the standard amount of Ba in NIST glass was 38.5ppm as calculated by 
Pearce (1999). It was hoped that this formula could be used in Isidas, but the software program 
developed problems and stopped working. Therefore, for the equation to be applied to each of 
the otolith samples, the datafile of counts at each time point for each sample were output from 
Isidas as a VTK file. This VTK file was input into Mayavi to produce an image for each its 
chemical elements lasered by the ICPMS. Once the VTK files for Ba and Ca was located, both 
were opened in the same Microsoft Excel spreadsheet. A duplicate spreadsheet for Ba was 
created and renamed Ba137/Ca43, to apply the correction in Ba with Ca values. A formula was 
written in excel in the Ca spreadsheet to avoid ‘divide by 0’ error messages. Therefore, all cells 
containing the value of 0 were changed to 0.01 through the equation 
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=IF(‘Ca43’!A12=0,0.01,’Ca43’!A12). In the duplicated spreadsheet, the formula (Figure 5) 
was written in the first cell where a value was displayed to correct the internal standard Ca of 
otoliths using 56 wt% of CaO and the known elemental concentrations of NIST 612. The cell 
containing the equation was dragged across all cells in the spreadsheet so the formula was 
applied across the entire sample. After that is completed the file was saved as a CSV (comma 
delimited) file format.  
 
  
  
 
 
 
 
 
Where 56 = weight% of Ca in otoliths 
 11.9= weight% of Ca in NIST 612 
 Ca43= the count of Ca43 in the otolith sample at time  
 98817= the average count of Ca in the NIST 612 standard 
 38.5= the known amount of Ba137 in NIST 612 
 Ba137= the count of Ba137 in the otolith sample at time 
 7180= example of the average count of Ba137 in the NIST 612 sample. 
 For the file with corrected Ba and Ca concentrations to be uploaded into Mayavi, it was 
required to be in the form of a VTK file. Therefore, as it can only be saved as a CSV file, the 
file was directed to Mass-Imager, a software program which can display images of the Ba 
Figure 5: Example of equation for correcting calcium and barium  
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concentrations in otolith samples. However, Mayavi was used to display and analyse the Ba 
otolith images. When the file was opened in Mass-Imager, it was saved as a VTK file in a new 
directory folder. Once saved as a VTK format the file could be opened in Mayavi and a values 
legend was added to analyse concentration levels of Ba in each otolith.  
2.4.2 Overlaying Ba Elemental Maps with Microscope Aged Otolith Images 
 Two separate images were overlayed using GIMP2 (GNU Image Manipulation 
Program) to further analyse the otolith samples. The first image was a bare image of the otolith 
showing the daily age ring structure, taken with the Olympus BX60 compound light 
microscope. The second image was obtained from Mayavi by selecting the chemical element 
to be displayed on the image of the otolith.  
The microscope image and the Ba elemental map of the otolith obtained through Mayavi 
were uploaded to GIMP2. The images were overlayed, with the microscope image (bottom 
layer) being laid first and then the barium image (top layer) placed on top. The top layer was 
manipulated to fit perfectly in shape with the bottom layer. The opacity of the top layer was 
then reduced to make it as transparent as possible to view the bottom layer, yet still opaque 
enough to see its Ba composition over the daily aged rings from the bottom layer. Therefore, 
with the two otolith images overlayed it was possible to distinguish any patterns or relationships 
there may be between age and Ba influxes. 
2.5 Ageing Otoliths with Olympus BX60 Compound Light Microscope 
Microscope slides containing the otolith core slice were placed under an Olympus BX60 
microscope under an objective of 20x, which had a camera attached to the microscope. Images 
of the otolith were transported across to a computer. The otolith was displayed on the screen 
through the Image Pro Plus6 software. Ageing the otolith was completed by taking an image 
from the core down to the end of the sulcus groove. Daily rings were counted and marked using 
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a manual tag (figure 6). Each ring was represented by a concentric circle of opaque and 
translucent bands. Opaque bands represent 1 day of age, calculating the total gives the age of 
the sample at time it was caught. The objective lenses were then moved to 4x to take a full sized 
imaged of the otolith which was then overlayed with an image displaying Ba fluxes. 
 
 
 
 
 
 
 
2.6 Data Analysis 
 Juvenile red snapper from year class 2009 were analysed through elemental map 
analysis of Ba concentration incorporation and through growth and age. Elemental maps were 
observed for differences and similarities to determine population connectivity and to 
discriminate among stock populations based on Ba concentration. A series of geographic maps 
were used to identify capture locations and to correlate with Ba concentrations in relation to 
capture location. Ba concentrations were also compared against all samples at the same 
maximum and individual maximum ppm values to try and distinguish whether Ba incorporation 
was influenced by geographic location of capture. Age and growth (age divided by fish length) 
of red snapper samples were analysed to distinguish whether stock discrimination could identify 
differences or similarities between red snapper sub stocks throughout the GOM. Growth rates 
Figure 6: Otolith sample under the microscope (objective lens 4x) with manual tags along the sulcus groove ageing daily rings. 
Each opaque band representing 1 daily ring was marked to calculate total rings giving the age of the otolith, red snapper sample 
(Arce, 2017). 
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were explored to determine whether GOM regions could be categorised based on length/age. 
In addition, age and length were observed per region and capture location together with Ba 
incorporation to determine whether Ba is a reliable marker at identifying movement of juvenile 
red snapper in the GOM. Also, statistical data analysis involved calculating P-values through 
T-tests using two samples assuming unequal variances for Ba concentrations and growth rates 
throughout the GOM.  
3.0 Results 
 
Figure 7: Map of the Northern Gulf of Mexico displaying microscope images of otolith samples and their captured location 
off the coast of Texas, Louisiana, Alabama/Florida. Colours are as shown under the microscope lens and do not have any 
relevance to results.  
 
 Otolith images represent juvenile red snapper samples that were used in this thesis study 
(Figure 7). Each capture location is a station surveyed by SEAMAP or TPWD, with most 
having 2-3 samples captured at each station. The majority of samples were captured off the 
coast of Texas (Figure 13), representing the Western GOM. These samples include: 3418, 3420, 
3426, 4613, 4624, 5433, 5436, 5441, 4038, 4039, TX34, TX36 and TX37. Fewer samples were 
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collected from the central and eastern GOM regions which are sample numbers 4207, 4916, 
5060, 4144, 4147, 4726 and 5139. Samples 4598, 4600, 4602, 4605 and 4606 were captured in 
the most eastern region of the GOM surveyed off the Florida coast.  Majority of samples 
captured nearshore with less than half of the otolith samples captured off shore. Samples that 
were captured close to shore are: 3418, 3420, 3426, 4144, 4147, 4207, 4598, 4600, 4602, 4605 
4606, 4613, 4624, 4726, 5433, 5436, 5441, TX34, TX36 and TX37. Samples 4038, 4039, 5139, 
4916, 5060 were all captured in the ocean close to the continental shelf (Figure 8). 
3.1 Barium Analysis 
Ba concentrations in GOM sediments are not evenly distributed from west to east or 
from inshore to offshore (Figure 8). Values of Ba in sediments ranged from 50ppm to 100ppm. 
All otolith samples were calculated at the average mid value of Ba concentrations which was 
20ppm. When compared among otoliths eastern GOM samples 4598, 4600, 4602, 4605 and 
Figure 8: Map showing distribution of Ba in surficial marine sediments on the continental shelf 
and slope of the Northern Gulf of Mexico. The capture location of each sample is indicated with otolith elemental maps 
displaying the maximum Ba concentration value of 20.0ppm (red) Ba incorporation (red= Ba peak value, green= mid Ba value 
and blue= low Ba concentration value). Scale of Barium distribution in parts per million each shade of blue on gradient scale 
values at 50ppm, 100ppm, 200ppm, 300ppm, 500ppm, 700ppm and 1000ppm (Holmes 1973).  
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4606 were higher in Ba concentrations than any other region in the Northern GOM, representing 
Ba values of 20ppm. The majority of samples off the Texas coast; 3418, 3420, 3426, 4038, 
4039, 4613, 4624, 5139, 5433, 5436, 5441, TX34, TX36 and TX37, exhibited more green in 
their elemental concentrations, representing Ba levels of 10ppm, as opposed to samples 4144, 
4147, 4207, 4726, 4916 and 5060 from the central GOM that exhibited more blue, indicating 
they have a lower concentration of Ba incorporation at 5ppm (Figure 8).   Six otolith samples 
off the coast of Texas representing the Western GOM appear to display the clearest and most 
defined structures of Ba incorporation. 
 
Table 1: Average Ba concentration values for samples in Western, Central and Eastern GOM regions 
Gulf Region Sample 
n= 
Average Ba 
Concentration (ppm) 
Standard Deviations Ba 
concentration (ppm) 
Western GOM 13 17  4.2 
Central GOM 7 12  2.6 
Eastern GOM 5 36  11.4 
 
 There are differences in average Ba concentration in otolith samples across the GOM 
(Table 1). The highest average Ba concentration value among samples is in the Eastern GOM 
at 36ppm, and the lowest average Ba concentration is in the Central GOM region at 12ppm.  
The Western GOM displays a mid-range average value of 17ppm in Ba concentration in 
samples (Table 1). Which can be seen represented on the map, however the maximum value on 
the scale is 20ppm (Figure 8).
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Figure 9: Map showing distribution of Ba in surficial marine sediments on the continental shelf and slope of the Northern Gulf of Mexico. Capture location of each sample indicated with otolith 
elemental maps displaying individual values for influx of Ba incorporation (red= higher level of Ba) (Holmes 1973). 
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Samples 3418, 3420, 3426, 4613, 4624, TX34, TX36 and TX37 are located between 
500ppm to 1000ppm of Ba and are localised to the western and central GOM regions (Figure 9 
& Table 1). Samples 4144, 4147, 4207, 4726, 4916 and 5060 appear in regions where there is 
values of 300-500ppm Ba and are distributed mostly in the central GOM region off the coast 
of Louisiana. Samples 4598, 4600, 4602, 4605, 4606, 5139, 5433, 5436 and 5441 are distributed 
 
Otolith 
Sample 
ICPMS 
Ba 
Peak 
Value 
(ppm) 
Ba value 
(ppm) in 
sediment 
Western 
Gulf 
3418 25 1000 
3420 15 1000 
3426 22 1000 
4038 15   
4039 17   
4613 15 1000 
4624 15 1000 
5433 13 300 
5436 20 300 
5441 15 300 
TX34 15 500 
TX36 25 500 
TX37 13 500 
Central 
Gulf 
4144 15 500 
4147 10 500 
4207 10 500 
4726 15 300 
4916 10 500 
5060 10 500 
5139 15 300 
Eastern 
Gulf 
4598 25 300 
4600 50 300 
4602 25 300 
4605 35 300 
4606 45 300 
Table 2  Table comparing Ba peak concentration values (ppm) in red snapper otoliths with Ba concentrations in surficial 
marine sediments (Figure 9).   
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in off the Florida and Texas coast where there is the lowest Ba concentration of 300ppm. 
Otoliths 4038 and 4039 are placed outside of the distribution of Ba in the Northern GOM thus 
difficult to determine what range of Ba concentration they are in on the map (Figure 9).  
A trend can be seen where otolith samples with peak Ba concentrations are distributed 
in GOM areas with lower Ba concentration in surficial sediments (Table 1 & Figure 9). Otolith 
samples 4598, 4600, 4602, 4605 and 4606 exhibit the highest Ba value between 25ppm and 
50ppm and are distributed in the lower values of Ba concentrations in surficial sediments in the 
GOM, thus showing an inverse relationship. Similarly, this contrasting relationship is seen with 
samples that have low Ba concentrations in their otoliths and are distributed in areas displaying 
higher value of Ba concentration in surficial marine sediments. These otolith samples exhibiting 
this trend are: 3418, 3420, 3426,4144, 4147, 4207, 4613, 4624, 4726, 4916, 5060, TX34, TX36 
and TX37 (Table 1). 
Figure 10: Ba distribution in red snapper juvenile otolith samples. Samples grouped as having hollow core (lower level of Ba 
present), full core (higher level of Ba present) or having no visible core pattern. 
Otolith core (spawning date) patterns in juvenile red snapper otolith samples using Ba 
to display chemical signatures identified three different types of core patterns (Figure 10). A 
hollow core characterised by a colour other than red indicated a lower value of Ba present 
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within the core. A full core characterised by the colour red indicated that there was the highest 
value of Ba present within the core of the otolith and there was also a non-distinguishable core 
pattern seen in samples.  
Red snapper juvenile otolith samples that had hollow cores were: 3418, 3426, 4038, 
4144, 4147, 4598, 4600, 4602, 4605, 4624, 4726, 5060, 5433 and 5436. Otolith samples which 
displayed full core patterns were: 3420, 4039, 4207, 4606, 4916, 5139, 5441, TX34, TX36 and 
TX37. No visible core pattern was identified in otolith sample 4613 (Figure 10).  
 
Table 3: Otolith samples in groups of hollow (low Ba) core or full (high Ba) core in Gulf regions and in Station capture 
locations. 
Hollow Core GOM Region Station  Full Core GOM Region2 Station 
3418 West 101 3420 West 101 
3426 West 101 4039 West 17 
4038 West 17 5441 West 16 
4624 West 97 TX34 West 3236 
5433 West 16 TX36 West 3236 
5436 West 16 TX37 West 3236 
4144 Central 157 4207 Central 165 
4147 Central 157 4916 Central 143 
4726 Central 158 5139 Central 65 
5060 Central 143 4606 East 238 
4598 East 238    
4600 East 238    
4602 East 238    
4605 East 238    
 
 Hollow and full core samples were present in all GOM regions (Table 3). 
Western, Central and Eastern GOM have almost equal amounts of hollow core samples with 
the lowest Ba concentration, and full core with the highest Ba concentration otolith samples. 
Most samples were seen to have hollow cores and samples were captured in all GOM regions. 
Station capture locations displayed the most similarities in samples exhibiting either hollow or 
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full cores. For example, station 101 had a total of three samples and two of them were seen with 
hollow cores. Similarly, station 238 has a total of five samples and four of them displayed 
hollow cores. This was also seen in stations 16 and 157.  All three samples from station 3236 
displayed full cores (Table 3).
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Figure 11: Chart displaying the Ba peaks (red) and lows (blue) per daily ages of 2009 juvenile red snapper otolith samples. Ba peaks and lows represent ring structures on each otolith sample taken 
from Appendix 2. Samples categorised by stations (far right column) and regions of West, Central and East Gulf of Mexico. Otolith #4613 did not display clear enough ring structure to determine 
Ba peaks and lows, hence its coloured grey. Black bar at the end of each sample signifies date of capture and beginning of coloured bar signifies date of birth. Black vertical lines outline beginning 
and end of the month. 
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 The results of Ba incorporation patterns in otoliths and otolith ageing (Appendix 2) were 
combined to observe the relationship between locality and age. Red snapper individuals were 
observed to determine whether there were similarities across GOM regions and station locations 
in response to Ba otolith incorporation. There appears to be overlaps of individual samples with 
the same Ba peaks and lows at the same time (Figure 11). 
 Samples 3418, 3420 and 3426 were captured from station 101 and show obvious 
similarities at the same time of Ba peaks and lows. All samples display an overlay of Ba peak 
levels in July, late August to early September and late September to early October and vice 
versa with low Ba levels in mid-August, late September and October. This is evident in East 
GOM samples where East GOM samples also display low Ba incorporation in August and 
October and high Ba in July and August/September (Figure 11).  
Other significant similarities displayed are sample 4916 and 5060 from station 143 
(Figure 11). They both have significant high Ba levels at the beginning of their lives in July and 
have a long period of low Ba until their date of capture in October. This trend is also seen in 
TX34 and TX36 however, TX36 has a short period in September where it has a Ba peak (Figure 
11).  
The West and East GOM exhibit similarities across majority of samples; TX 34, TX36, 
TX37, 4144, 4147, 4207, 4726, 4916 and 5060. Evidently observed these samples all appear to 
have the same low Ba levels from late September to date of capture in October/ November. 
Within this region, stations 143, 65 and 238 display a significant Ba high in July and then again 
in late August to mid-September for samples captured at station 238 which is far east to the 
Florida coast.  
Samples 4624, 5433, 5436, 5441 and TX34 show similarities with Ba peaks occurring 
in late July to early August. All other samples across all GOM regions do appear to have a few 
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similarities in Ba peaks and low otolith incorporation in some point of time but nothing as 
significant.  
Sample 4613 is coloured grey as it did not display a clear enough ring structure 
therefore, it was difficult to determine Ba peaks and lows throughout the otolith (Figure 11). 
Table 4: P-values for T-test: two-sample assuming unequal variances: for Ba concentrations in Central vs Eastern GOM, 
Central vs Western GOM and Eastern vs Western GOM.  
  Central GOM Eastern GOM 
Mean 12.14285714 36 
Variance 7.142857143 130 
Observations 7 5 
P(T<=t) two-tail 0.010110067   
     
  Central GOM Western GOM  
Mean 12.14285714 17.30769231 
Variance 7.142857143 18.06410256 
Observations 7 13 
P(T<=t) two-tail 0.003990546   
     
  Eastern GOM Western GOM 
Mean 36 17.30769231 
Variance 130 18.06410256 
Observations 5 13 
P(T<=t) two-tail 0.023340985   
 
 Average peak Ba concentrations tested in a t-test displayed high variability across all 
GOM regions. In all GOM regions, populations based on Ba concentrations were highly 
significantly different to each other (Table 4). Between the Central and Eastern GOM, the P-
value was 0.010110067. Similar results were seen between the Central and Western GOM (P-
value= 0.003990546) and Eastern and Western GOM (P-value= 0.022340985), indicating that 
maximum Ba concentrations differed among regions.  
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3.2 Age Analysis 
 
Figure 12: Map of red snapper juvenile otolith samples in the Gulf of Mexico with captured locations represents and ages 
indicated by coloured lines (Maroon- 60 to 70 days old, Orange- 70 to 80 days old, Yellow- 80 to 90 days old, Green- 90 to 
100 days old, Blue- 100 to 110 days old, Purple- 110 to 120 days old, Brown- 120 to 130 days old and Pink- 130 to 140 days 
old. 
Age distribution varied across the GOM regions and within capture locations (Figure 
12). Samples collected from the West GOM were captured at stations 101, 17, 97, 16 and 3236. 
In Central GOM capture locations were at stations 157, 165, 158, 143 and 65. Only one station 
was used for the East GOM off the Florida coast and that was station 238 (Figure 12).  
Trends in juvenile red snapper ages were seen across the GOM (Figure 12). The West 
GOM, off the Texas coast consisted mostly of otolith samples ranging from 60 to 100 days old. 
These samples were; 3418, 3420, 3426, 5433, 5436, 5441, TX37, 4726 and 4613. Almost all 
juvenile individuals between ages 70 to 100 days were captured at station locations closer to 
shore, including 4147 and 4144 of the Louisiana coast. However, there were a few samples 
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(4624, TX34, TX36 and 4038) above 100 days old off the Texas coast. The Eastern and Central 
GOM were dominated with older samples (4207, 4598, 4600, 4602, 4605, 4606, 4916 and 
5060) above 100 days old, the majority being in the range of 110 to 120 days old.  There is a 
significant trend where ages in red snapper individual appear to increase as they move further 
east in the GOM (Figure 12).  
  
 
 
 
 
 
Figure 13: Map of the Gulf with depth contours (0-18.3m (yellow), 18.3-36.6m (pink), 36.6-54.9m  (blue), 54.9-73.2m (green), 
>73.2m (white), and NMFS statistical zones (21(South Texas) to 10 (Florida))  used for analysing data with red snapper otolith 
sample stations circled (McDaniel, Crowder & Priddy 2000). 
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Depth contours in the Northern GOM were displayed with an overlay of the sample 
study map to identify the location of samples surveyed (Figure 13). The majority of juvenile 
red snapper samples collected were captured from the 18.3-36.6m depth contour with fewer 
collected in deeper depth contours in the GOM (Figure 13 & Table 2). There is one sample 
station which is the furthest offshore outside of the statistical zone that was surveyed and 
represents two juvenile red snapper samples 4038 and 4039 (Figure 7 & Figure 13). 
Interestingly, these samples represent one of the oldest and youngest samples.  
All samples captured within the 18.3-36.6m depth contour ranged from the ages of 80-
130 days old (Table 2). The youngest red snapper samples which were studied appeared in the 
lowest (0-18.3m) and the highest (>73.2m) depth contour outside of the statistical zone further 
out in the GOM (Table 2). Age patterns do not appear to be significant in regards to distributions 
Table 5 Red Snapper juvenile otolith samples per depth contour, Gulf zone and NOAA statistical zone in the Gulf of Mexico 
with ages.  
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across depth contours in the GOM although; samples in higher depth contours are mostly 
between 84-120 days old.  
 Juvenile red snapper samples were also categorised based on their location in NOAA 
statistical zones across the Northern GOM (Table 2). Zone 10 is in the east GOM, zone 16, 17 
and 18 are from the central GOM and zone 19, 20, 21 and an unidentified zone outside of the 
surveyed statistical zone were in the west GOM. Per statistical zones, more than half of samples 
were captured in the west GOM regions in zones 19, 20, 21 and the zone outside on NOAA 
statistical surveyed zones. Samples in the western GOM appear to be dominated by juveniles 
aged 79-97 days’ old (Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Linear function describing the relationship between standard length (mm) and age (daily) in juvenile red snapper 
in the Gulf of Mexico. 
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Figure 15: Linear function describing the relationship of 2009 Red Snapper sample’s standard length (mm) and daily age in 
Western Gulf of Mexico.  
Figure 16: Linear function describing the relationship of 2009 Red Snapper sample’s standard length (mm) and daily age in 
the Central Gulf of Mexico. 
Figure 17: Linear function describing the relationship of 2009 Red Snapper sample’s standard length (mm) and daily age in 
the Eastern Gulf Of Mexico. 
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There was a linear relationship between length and age when samples across the Gulf 
were considered.  However, the relationship between age and SL appeared to be poorly 
correlated and displayed a large amount of variability (R2=0.3145) across all samples in the 
GOM (Figure 14).  When analysed separately by GOM regions, the linear relationship was not 
clear, due to the small sample sizes by region.  Individually, all regions were poorly correlated, 
with the Western GOM, R2 value =0.1111 and the Eastern GOM R2 value at 0.2104.  
Figure 18: Linear function describing the relationship between growth rate (SL mm/day) and Gulf of Mexico regions in 
juvenile red snapper (Lutjanus campechanus). Longitude values move from east to west of the Gulf. 
Figure 19: Linear function describing the relationship between growth rate (SL mm/day) and birthdate in juvenile red snapper 
in the Gulf of Mexico. 
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Growth rate in red snapper samples in the GOM were similar in all regions of the GOM 
(Figure 18 & 19), but growth rate varied by the birthdate of the fish. All t-tests calculating 
growth rate sub-stock similarities showed no significant differences in growth rates between 
regions (Table 6). The linear function graph describing the relationship between growth rate 
(SL divided by daily age) versus birth date displayed a clear trend, where samples with earlier 
birthdates appear to have a slower growth rate as compared to juvenile red snapper that had 
their birthdate later in the year. There is a steady increase in the linear graph and a R2 value of 
0.5816 establishing that growth rate is related to date of birth (Figure 19). 
Table 6: P-values for t-tests: two sample assuming unequal variances in growth rate values between Central vs Eastern GOM, 
Central vs Western GOM and Eastern vs Western GOM.  
  Central GOM Eastern GOM 
Mean 0.788138847 0.768284583 
Variance 0.027501173 0.007003039 
Observations 7 5 
P(T<=t) two-tail 0.791783206   
     
  Central GOM Western GOM 
Mean 0.788138847 0.767174441 
Variance 0.027501173 0.017177295 
Observations 7 10 
P(T<=t) two-tail 0.785425282   
     
  Eastern GOM Western GOM 
Mean 0.768284583 0.767174441 
Variance 0.007003039 0.017177295 
Observations 5 10 
P(T<=t) two-tail 0.984465812   
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4.0 Discussion 
 The findings in this study showed that it is possible to discriminate red snapper sub 
stocks in the GOM, particularly using barium incorporation into otoliths. Discrimination 
through Ba otolith incorporation were observed in different GOM regions as well as capture 
locations in NOAA sample stations. There were also trends across the coasts of Texas, 
Louisiana and Florida. Using Ba as an otolith marker displayed results in determining spawning 
trends and migrations patterns across the GOM. Age and growth analyses did not prove as 
useful in discriminating sub-stocks, although there were some age differences by location, and 
growth rate differences by date of birth.   
4.1 Barium Discrimination 
Barium has consistently been observed as a reliable geographic marker in marine 
species (Sturrock et al. 2012). Otolith elemental chemistry analysis research has been the most 
efficient method used by researchers to conduct studies on red snapper for understanding 
migration, recruitment and spawning patterns within the GOM. It is widely acknowledged to 
be an effective tool in establishing migratory patterns, and has also been used to study 
population stocks and preferred nursery habitats (Patterson et al. 2010).  
Red snapper population stocks could be differentiated in the GOM by using Ba as a 
geographic marker. Ba is the only chemical element which was used for this thesis as it 
displayed the most significant ring structures of Ba peaks and low concentrations using otolith 
chemical analysis. Thus, by using the concentration of peaks and lows in juvenile red snapper 
otoliths, it was possible to differentiate and assimilate fish location and movement within GOM 
regions as well as coastal regions between station captured locations. Chemical element 
concentrations of Ba displayed clear differences between red snapper samples captured across 
the GOM. Samples could be differentiated across GOM regions. Red snapper that were caught 
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from the Florida coast in the East GOM displayed much higher ppm values of Ba concentrations 
than samples captured off the Louisiana coast in the Central region. Samples captured from the 
West Gulf of the Texas coast appeared to be within the mid-range value of Ba concentration 
among all red snapper otolith samples. This is clear evidence which indicates stock 
discrimination through Ba concentrations in juvenile red snapper otoliths among GOM regions.  
Additionally, when red snapper otolith concentrations of Ba were analysed with the 
mapped distribution of Ba in marine surficial sediments, it displayed an inverse trend in 
concentration levels. Samples which had been captured in low Ba concentration areas appeared 
to have a higher Ba concentration in their otoliths, and the same was seen for samples captured 
from high Ba concentrations areas with lower levels of Ba incorporated into their otoliths. 
Unfortunately, there was no literature that could be found which discussed this pattern found 
in this present study to justify the cause of it.  
The use of otolith chemistry analysis in red snapper have previously indicated that 
there is substantial evidence identifying post settlement movement between North-western 
GOM and South-west GOM regions (Cowan et al. 2003; Patterson 2007; Sluis et al. 2015). In 
this study, it was found that juvenile samples from the North-West GOM and South West GOM 
had similar levels in Ba concentration incorporated into their otoliths. Furthermore, through 
analysis of dates of Ba incorporation, the majority of samples displayed similarities at time of 
Ba peak and low concentrations, suggesting that individuals from both locations were mixing 
at similar if not the same time within the Western GOM sub-stock. Furthermore, this trend was 
also seen within samples from West and Central regions, reiterating the assumption that both 
sub-populations are spatially mixed across the GOM. As well, samples from the same station 
in the West GOM showed to have different incorporation of Ba at the time of spawning but 
after that levels of Ba appeared extremely similar, again, supporting the speculation that 
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individuals are spatially mixed.  
  Similarities between Central and Eastern GOM otolith samples were also observed with 
both showing Ba peaks and lows at same time periods. East GOM red snapper samples 
displayed significant similarities within their own region, displaying Ba concentration peaks 
incorporated into the otolith at the same time (July and September) and at similar ages. This, 
suggests that samples were from the same sub-stocks and spatially mixed in respect to their 
locations. However, West and East GOM also displayed Ba peaks at similar times, suggesting 
that perhaps the East GOM samples which are older had migrated through the West through 
westward flowing ocean current (Sluis et al. 2012). Interestingly, when also observing results 
in the otolith core they displayed low concentrations of Ba incorporation. The majority of West 
and East GOM samples also displayed similarities in the otolith cores, signifying that 
individuals were spawned in low Ba concentration waters. Although, this is speculation as it 
may be unlikely due to surficial marine sediments with high levels of Ba concentration being 
present within both West and East GOM regions. Although, this map of Ba in sediments is 
outdated, it is indicative of locations of high Ba presence and relationships with otolith Ba 
incorporation.   
 Ocean circulation patterns in the GOM are believed to influence the concentration of 
Ba present within juvenile otoliths (Sluis et al. 2012). The Mississippi-Atchafalaya River 
system discharges into the GOM and 90% of it is freshwater. This forms the westward flowing 
stratified coastal current along the Louisiana coast down to the Texas south coast. During the 
spring months, there is an exchange between river and self-waters due to easterly winds 
alongshore between Louisiana-Texas and Mississippi-Alabama shelves (Sluis et al. 2012). 
Thus, samples which were captured off the Texas and Louisiana coast displayed similar Ba 
concentrations as otolith elemental signatures. Similarly, findings in Sluis et al. (2012) 
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identified that samples had similar otolith chemical signatures across North Central GOM, 
North Western GOM and South Western GOM regions. However, Sluis et al. (2012) samples 
were compared over 2 year classes and against elemental ratios of Mg:Ca and Mn:Ca whereas 
Ba and only one year class was focused on in this study.  
 Red snapper juvenile otoliths were analysed to distinguish whether there was a low or 
high Ba concentration incorporated into the otolith core to identify spawning regions. Samples 
which displayed a ‘hollow’ core signified by the low concentration of Ba were captured in all 
GOM regions. This was also seen among samples with a ‘full’ core indicated by higher 
concentrations of Ba incorporated into the otolith core. It was assumed that if otolith core 
displayed similarities than juvenile individuals had originated from the same spawning regions. 
This may be the case as larval phases can last from days to months, in which during that period 
larvae can be transported via ocean currents over thousands of kilometres away from their 
original spawning location (McGowan et al. 2014). Another factor which may have been 
effecting the incorporation of Ba into red snapper otoliths but was not studied in this thesis is 
the presence of barium ore in the GOM. The GOM is one of the world’s largest sources for 
barium ore and due to its high molecular weight. it is used as barite as a wetting agent in oil 
and gas drilling. However, sources influencing Ba incorporation in juvenile red snapper otoliths 
could not be investigated for this thesis. However, He & Xu (2016) reported no evidence that 
concentrations of Ba found in water samples were effected by surrounding areas occupied by 
the petrochemical industry and its use of barite. Between areas close to petrochemical plants 
and areas analysed further away, Ba concentrations levels were shown to be similar, even being 
slightly higher in sites sampled further away from the petrochemical plant. However, this study 
was conducted by analysing water samples and not fish otoliths within an estuarine environment 
through the Calcasieu River in West Louisiana. This approach would provide interesting results 
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if it were applied in different fish species migrating from the estuarine river to the coast of the 
GOM (He & Xu 2016). It was found in previous studies that weathering processes and the 
geological composition of the stream bed significantly influenced levels of Ba in natural waters 
(He & Xu 2016; Gaillardet, Viers & Dupre 2003). Therefore, it can be assumed that Ba 
concentrations in red snapper otoliths samples studied are influenced by natural resources as 
the GOM is characterised by volcanic terrains. 
 Otolith elemental chemistry analysis has been used in Australia on the study of 
Australian marine species. The neon damselfish (Pomacentrus coelestis) from the Great Barrier 
Reef, Queensland was analysed through LA-ICPMS for trace elemental incorporation. Ba was 
analysed and displayed increasing concentrations in the otolith as the species migrated from 
larvae settlement habitats to adult habitats. In addition, Ba concentration was discovered to 
follow positive relationships with water temperature just like strontium (McGowan et al. 2014). 
 Date analysis of Ba peak and low incorporation in all juvenile red snapper otoliths 
displayed a long period of low Ba concentrations in majority of otolith samples. This was 
interesting to see as low Ba was observed from October to date of capture. The cause of this 
trend is interesting because all samples were captured in different stations through different 
regions in the GOM. 
4.2 Age & Growth Discrimination  
 In red snapper (Lutjanus campechanus) larvae biology, data on growth is limited and 
that is primarily because they are partially due to identification issues (Jones 2013). However, 
there is data present on the study of growth and development of red snapper larvae of known 
ages reared in aquaculture (Bootes 1998; Drass et al. 2000; Williams et al. 2004; Jones 2013). 
Knowledge on growth and development of red snapper larvae in the wild based on otolith age 
estimates is limited. Although, alternatives have been studied by using fish in aquaculture, this 
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may be insightful but it does present disadvantages. Relying on growth estimates produced in 
an aquaculture environment is inefficient when trying to understand growth development in 
wild fish species. This is mainly because it is difficult in reproducing conditions that are 
experienced in the wild such as: fluctuations in biotic and abiotic parameters (Jones 2013).  
Juvenile red snapper samples were also found to be largely spawned in late June to early July. 
Through otolith ageing spawned dates could be identified by deducting age rings counted on 
the otolith from the known date of capture.  
 The majority of red snapper captured were sampled within the 18.3 to 36.6m depth 
contour (Fig 13), and consisted of the youngest samples analysed (Table 2). These results are 
significant and are supported by literature identifying that age 0 recruits in the GOM will settle 
over low relief habitats consisted with sand, mud and shell ridges. While older juvenile’s and 
adults will migrate, and inhabit structures in deeper ocean waters. Red snappers inhabiting 
structures seek for higher vertical relief from natural reefs, petroleum platforms and artificial 
reefs (Kulaw 2012).  Furthermore, the depth contour of captured location for majority of 
samples is consisted with location of spawning habitats on the upper continental shelf. 
Therefore, results from this study are consisted with red snapper site fidelity as they’ll remain 
close to their spawning habitats while they’re young juveniles, before migrating to large 
structures for higher relief (Piraino & Szedlmayer 2014).  
 Juvenile red snapper otolith samples displayed a significant clear trend when analysed 
with date of birth and growth rate. The present study demonstrated that juvenile samples that 
were born earlier (May) in the year had an obvious slower growth rate as opposed to juvenile 
snapper born later in the year (July). In a study by Comyns (1995) it was identified that red 
snapper individual which were captured in the months of May and July displayed clear 
difference in growth rates. This was presumably resulted by the temperature difference as water 
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temperature increases from May to July. This is a significant finding as it suggests that external 
factors within the environment are effecting the growth development of juvenile red snapper. 
 Overall, analysis of juvenile red snapper standard length and age showed great 
variability across all GOM regions. However, when each region was analysed separately 
similarities within region of capture was identified. Central and East GOM regions showed 
close relationships statistically of standard length among all red snapper samples in each region. 
West GOM did not and displayed a lot of variability of standard lengths among samples, either 
suggesting that the West region has a more abundant population of difference size individuals 
at different ages or, that they are spatially mixed with individuals from other GOM regions as 
ocean circulation is thought to influence juvenile migration (Sluis et al. 2012).  
 Red snapper in the Western GOM had the widest age distribution (Kulaw 2012). This 
was seen to be consistent with red snapper samples collected in the West GOM as ages spanned 
from 60 to 140 days old.  Not only did red snapper from the West GOM display the widest age 
distribution but they also displayed the most variability in growth rates and SL measurements 
within their region of capture. This is consistent with most literature which identifies the 
Western sub-stock as being abundant with the widest age distribution of red snapper (Kulaw 
2012).  
 Juveniles that were captured in the East GOM region off the coast of Florida consisted 
of the oldest juveniles in the study. On the contrary, Kulaw (2012) had stated that the East GOM 
was inhabited more by younger individuals compared to other regions. Yet, it is still significant 
that all samples within the East GOM displayed 73% similarity and that were consisted among 
all samples. 
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4.3 Stock Discrimination 
 Red snapper in the GOM has displayed differences in regards to capture locations, age 
and growth and Ba concentrations incorporation. This study could discriminate among regions 
through Ba concentration incorporation as well as age and growth. All three GOM regions that 
were sampled displayed differences suggesting that there continues to be sub-stocks of red 
snapper across the GOM.  
 Even though it has been suggested in catch statistics that there are two centres of stock 
population for red snapper in the north-western GOM off Louisiana and off the coast of 
Alabama, differences were seen within the supposed stocks. The West GOM had much more 
variability compared to regions analysed in this present study. This may be because the West 
GOM is more abundant compared to the East GOM or maybe there may be sub populations 
within stocks that are spatially mixed (Kulaw 2012). However, the sample size of 25 juvenile 
otoliths may not be enough to establish this assumption.  
 Nonetheless, Ba concentration in juvenile red snapper otoliths did prove to be a reliable 
geographic marker to discriminate among GOM regions. West GOM samples had mid-range 
concentration incorporated and East GOM regions has obvious higher Ba concentrations in 
otoliths. Therefore, red snapper samples could be distinguished by their capture locations in the 
GOM.  
4.4 Contribution to Red Snapper (Lutjanus campechanus) Management in the Gulf 
 Understanding stock structure and population connectivity of juvenile red snapper is 
essential in fisheries management in the GOM. By using the elemental concentrations of Ba in 
red snapper otoliths migration patterns, spawning regions, recruitment patterns and nursery 
habitats can be identified. Ba has been proven to be a reliable geographic marker among marine 
species as well as in red snapper in the GOM.  
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Knowledge of spawning regions will greatly impact management measures implemented across 
GOM regions. Sources of larvae populations are rarely unknown because during larval phase, 
individuals can be transported around the GOM thousands of kilometres away from their initial 
spawning location. This causes complications in conservation of red snapper juveniles in the 
GOM as awareness of important breeding grounds may not be known (McGowan et al. 2014). 
Therefore, ineffective management plans in hopes of rebuilding red snapper stock are 
implemented in potentially mistaken areas for conservation. Thus, the importance of studies 
like this thesis are important and can greatly contribute to fisheries management in the GOM.  
4.5 Complications Encountered 
 This thesis was not completed without encountering a few issues and mistakes made 
along the way within the methods. When ablating the samples through ICPMS to analyse otolith 
chemical signatures, a NIST glass was used as a reference standard to correctly calculate and 
convert Ba raw counts to Ba concentration amounts. The NIST glass is also used to correct 
values considering laser drift and intensity as it may change over time, slowing down, speeding 
up, weakening laser strength or and intensifying laser strength. Therefore, when the NIST glass 
was ablated, ideally it should have been ablated before and after every otolith sample ablation 
to correct Ba counts and to also correct the laser for drift and background. However, 
unfortunately when the samples used for this thesis were ablated, a reference standard NIST 
was not shot consistently between each sample. Instead one standard NIST was shot either 
before or after all otolith samples had gone through the laser. Therefore, when Ba counts were 
converted to Ba concentration amounts they were only corrected against one standard NIST 
sample instead of various NIST’s before and after samples. 
 Therefore, a large amount of variability was seen in results thus from not ablating the 
reference NIST 612 standard before and after every otolith sample. When the NIST standard 
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was analysed to correct the internal Ba concentration amounts, there was stability lacking in 
the NIST counts. Hence, why outliers had to be deleted from the Excel spreadsheet using the 
CV as a guide to determine stability in the NIST values. Even though, this issue occurred there 
results from the study were still significant enough to be analysed and interpreted. However, 
had the NIST 612 glass been ablated before and after every sample like it should have results 
probably would have been much more detailed and precise. There was the option to repeat 
ICPMS methods again with the same samples however, the laser was broken and had not been 
used for months at UTS. In addition, if samples were to be ablated it may have produced 
invaluable results as many of the otoliths were already too thin and fragile and would shatter 
under the laser.  
 Another complication which was encountered during the completion of this thesis study 
was the malfunction of the data analysis software program. To carry out the ICPMS experiment 
to analyse elemental incorporation in red snapper otoliths, the laser was equipped with a 
specifically written software program in Python. This software enabled for corrections in the 
internal standard, drift and background to be performed as well as to visualise elemental maps. 
The program Isidas which runs on Python failed to execute the equations function to output 
elemental map images into Mayavi. The elemental map would have displayed the correct Ba 
concentration amounts as well as correcting for drift and background. However, this could not 
be done and therefore, the alternative methods were completed to get the same result. This 
involved correcting all Excel spreadsheet associated with individual otoliths manually. 
Spreadsheet files were then converted to Vtk. format from CVS to direct it back into Mayavi. 
Mayavi could only read files in Vtk. Format thus why it was converted to complete full analysis 
of Ba concentration amounts within each of the 25 juvenile red snapper otoliths. This was the 
only alternative that could be done to complete this thesis as we encountered multiple failed 
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attempts working together with IT specialist at Western Sydney University and University of 
Technology Sydney, trying to correct the issue. Which could not be corrected because the 
program was outdated and no known Python specialist could be found.  
6.0 Conclusion  
 Red snapper remains as the most targeted finfish species in the GOM despite the 
implementation of restrictive fishing regulations by the GMFMC, aiming to rebuild stocks by 
2032 (Patterson et al. 2010). In conclusion, this thesis study has produced significant results in 
understanding stock discrimination across the GOM. Through otolith elemental chemistry 
analysis, Ba was clearly demonstrated to be a reliable geographic marker, allowing to 
differentiate juvenile red snapper otoliths from captured locations. Not only was Ba proven to 
be a reliable geographic marker but age and growth also displayed substantial results in 
differentiating substocks through growth rate analysis. Even though, complications with results 
were encountered they still provided obvious results among samples from each region in the 
GOM. Substock could be identified through differentiating Ba incorporations and growth rates.  
 Further research is needed for red snapper (Lutjanus campechanus) in the GOM to 
continue conservation efforts in rebuilding the stock population. Further research into otolith 
elemental chemistry and age and growth will be beneficial in assisting stock connectivity and 
population structure in different regions across the GOM.  
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Appendices 
Appendix 1: All raw data on 2009 juvenile red snapper otolith samples.  
Data includes; ICPMS Ba peak value, Ba peak value on distribution map location, station number, age, date of capture, birthdate, Gulf region 
location, depth contour location, TL & SL, growth rate per day and values for Ba high and low from Ba elemental map with ageing.  
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Appendix 2: Otolith Ba elemental map overlays with microscope otolith images.  
 
A1: Sample 3418 with Ba overlay and ageing 
 
A 2: Sample 3420 with Ba overlay and aging 
 
 
  
A3: Sample 3426 with Ba overlay and aging 
A4: Sample 4038 with Ba overlay and aging 
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A 6: Sample 4144 with Ba elemental map overlay and aging 
 
A 7: Sample 4147 with Ba elemental map overlay and aging 
 
A 8: Sample 4207 with Ba elemental map overlay and aging 
 
A 9: Sample 4598 with Ba elemental map overlay and aging 
A5: Sample 4039 with Ba overlay and aging 
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A 10: Sample 4600 with Ba elemental map overlay and aging 
 
A 11: Sample 4602 with Ba elemental map overlay and aging 
 
A 12: Sample 4605 with Ba elemental map overlay and aging 
 
A 13: Sample 4606 with Ba elemental map overlay and aging 
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A 14: Sample 4613 with Ba elemental map overlay and aging 
 
A 15: Sample 4624 with Ba elemental map overlay and aging 
 
A 16: Sample 4726 with Ba elemental map overlay and aging 
 
A 17: Sample 4916 with Ba elemental map overlay and aging 
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A 18: Sample 5060 with Ba elemental map overlay and aging 
 
A 19: Sample 5139 with Ba elemental map overlay and aging 
 
A 20: Sample 5433 with Ba elemental map overlay and aging 
 
A 21: Sample 5436 with Ba elemental map overlay and aging 
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A 22: Sample 5441 with Ba elemental map overlay and aging 
 
A 23: Sample TX34 with Ba elemental map overlay and aging 
 
A 24: Sample TX36 with Ba elemental map overlay and aging 
 
A 25: Sample TX37 with Ba elemental map overlay and aging 
 
